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Gramicidin S Derivatives Containing cis- and frans-Morpholine Amino A cids

(MAAs) as Turn Mimetics
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Abstract: The cyclic decapeptide gra-
micidin S (GS) was used as a model for
the evaluation of four turn mimetics.
For this purpose, one of the p-Phe-Pro
two-residue turn motifs in the rigid
cyclic B-hairpin structure of GS was re-
placed with morpholine amino acids
(MAA 2-5), differing in stereochemis-
try and length of the side-chain. The

Introduction

The cyclic decapeptide gramicidin S (GS, 1, cyclo-(Pro-Val-
Orn-Leu-p-Phe),, Figure 1a), produced by Bacillus brevis,!!
displays potent antibacterial activity against both Gram-pos-

conformational properties of the thus
obtained GS analogues (6-9) was as-
sessed by using NMR spectroscopy and
X-ray crystallography, and correlated

Keywords: antibiotics - conforma-
tion analysis gramicidin S
peptides - peptidomimetics

with their biological properties (antimi-
crobial and hemolytic activity). We
show that compound 8, containing the
dipeptide isostere trans-MAA 4, has an
apparent high structural resemblance
with GS and that its antibacterial activ-
ity against a panel of Gram positive
and -negative bacterial strains is better
than the derivatives 6, 7 and 9.

itive and to a lesser extent Gram-negative bacteria, but is
toxic to human red blood cells (hemolytic activity).”! GS

kills bacteria by disrupting the bacterial cell membrane.”)
This property is attributed” to both the basic and amphi-
philic nature of the rigid cyclic f-hairpin molecular structure
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of GSP®! that is stabilized by four intramolecular hydrogen-
bonding interactions formed between the C=0O and NH of
the amides of opposing Val and Leu residues (Figure 1b).
The side chains of the two Orn residues are on one side of
the molecule and the hydrophobic side chains of the two
Val and Leu residues reside on the opposing face, making
the molecule amphiphilic (Figure 1c¢).

a) NH;
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Figure 1. Structure of GS. a) Structural formula of the GS molecule. b)
Top view of the GS molecule (Val, Orn and Leu side chains omitted).
Hydrogen bonds (stabilizing the secondary structure) are depicted by
thin green lines. ¢) Side view of the GS molecule. Hydrophobic side
chains of the Val and Leu residues reside on one face of the molecule,
the positively charged side-chains of the two Orn residues are on the op-
posing face, providing its amphiphilic characteristics.”

Because of its well-defined secondary structure, GS has
served as a model to probe the effect of turn mimetics on
the P-cyclic hairpin structure. The p-Phe-Pro sequence of
GS has been replaced by bicyclic thioindolizine deriva-
tives!”!% as well as the structurally related 5,6-fused azabicy-
cloalkane™! and indolizines.">"* In a related approach, sev-
eral sugar amino acids (SAA) have been incorporated and
their structural and biological properties studied.** C-
functionalized morpholines are found frequently both in
natural products and in drugs.!"”! Various synthetic strategies
towards these compounds have been developed, allowing to
obtain morpholines with different substitution patterns. Be-
cause of its rigid structure, a morpholine ring incorporated
in a GS molecule can possibly invoke structural changes
which may affect the antibacterial and hemolytic properties.
Here, four GS analogues are presented in which one of the
D-Phe-Pro turn motifs is replaced by a cis- or trans-, - or &-
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morpholine amino acid (MAA). Their synthesis, structural
and biological (antibacterial and hemolytic) properties are
evaluated and compared to those of GS.

Results and Discussion

Synthesis of the target compounds: The synthesis of MAAs
2, 3 and 4 as their azide derivatives was reported previously
by us (Figure 2).'¥ The synthesis of the novel MAA 5, as its
azide derivative, is described in the Supporting Information.
MAAs 2 and 4 represent dipeptide isosteres (d-amino
acids), MAAs 3 and 5 are one carbon atom longer (g-amino
acids). The difference between MAAs 2 and 3 and MAAs 4
and 5 concerns the cis or trans relationship between the ami-
nomethyl and carboxyl groups of the morpholino ring, re-
spectively. All four MA As have an N-benzyl functionality to
mimic the hydrophobic characteristics of the p-Phe-Pro se-
quence.

HzN\[‘NDJ)OLOH HZN“[:]/ﬁOrOH
©

HQN“[j “on HQN\[OJ ~r O

N

b D

Figure 2. Morphilino amino acids (MAAs) investigated in this study as
replacement of one of the type two fB-turns in gramicidin S. MAAs 2 and
3 are cis configured and MAAs 4 and 5 are frans configured o- and &-
morpholine amino acids, respectively.

The peptides were assembled by adaptation of a standard
Fmoc SPPS method, starting with preloaded Fmoc-Leu-
HMBP-BHA resin. In the final stage of the syntheses com-
pounds 2-5 were incorporated as terminal residues as their
azide derivatives. Reduction of the azide functionality!® was
followed by mildly acidic cleavage from the resin. Cycliza-
tion with PyBOP, HOBt and DIPEA as base, deprotection
of the Boc protecting groups with strong acid and subse-
quent HPLC purification was straightforward, yielding pep-
tide 6-9 (Figure 3) in an overall yield of 25-65%, as their
TFA salts.

Structural analysis of synthesized GS analogues 6-9: The
effect on the incorporation of the MAAs on the cyclic f3-
hairpin secondary structure was determined by using 1D
and 2D NMR techniques and X-ray crystal structure deter-
mination. The observed Jyy_p, values of the residues of
compounds 6-9 were compared to those of GS (Figure 4).
In the amide region of the 'H NMR spectra eight signals
were observed for all analogues, with the exception of com-
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Figure 3. GS analogues containing the morpholine-amino acid residues.

pound 9. Certain amide signals in the 'H spectrum of 9 were
observed as broad singlets instead of doublets and the
amide signal of the MAA residue was not observed at all,
indicating structural flexibility in this region of the molecule.
The Jyuno Values of the ornithine, leucine and valine resi-
dues were all between 8 and 12 Hz, which is a strong indica-
tion of a B-strand conformation."”! The Jy; g, values of the
D-Phe residues were in the range of 2—-4 Hz, which is typical
for an amino acid that is part of a B-turn.'”)

These features indicate that the cyclic peptides 6-8 and to
a lesser extent compound 9, adopt overall secondary struc-
tures similar to that of GS. A second NMR analysis tech-
nique compares the chemical shift of the a-proton of an
amino acid residue to the average value of this residue as
part of a random coil. The results of this chemical shift per-
turbation analysis method?!! are depicted in Figure 5. The
valine, ornithine and leucine residues show positive pertur-
bations indicating that these residues are part of a 3-strand
and all proline and p-phenylalanine residues display nega-
tive perturbations, consistent with their presence in a turn.
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Figure 4. Comparison of Jyy g, values of the analogues 6-9 to those of
GS. In analogue 9, the CONH signals of the V2 and L9 residues were ob-
served as broad signals, so no coupling constant could be determined.
The Jyy_n. values for analogue 7 were taken from ref. [18].
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Figure 5. Chemical shift perturbation of H, protons in GS analogues 6-9
as compared to GS. For ornithine residues, the reported®” 6(H,) random
coil value of lysine was taken. The chemical shift perturbation was calcu-
lated as AoH,=0H,(observed) — 0H,(random coil). For the V2 residue
of 9 no difference between the observed and reported value was seen.
The H, of V7 in 7 was not observed.

Overall, the chemical shift perturbation indicates a cyclic [3-
hairpin-like secondary structure. However, specific differen-
ces in perturbation values are found when the analogues are
compared to GS.

To obtain detailed molecular information nuclear Over-
hauser effect (NOE) experiments were performed for all an-
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alogues at 298 K. (see Figure S1 in the Supporting Informa-
tion). Several sequential NOEs are observed in the NH
region of the 2D spectra of compounds 6-9, however, the
observation of specific long-range NOEs in the turn regions
are crucial. For peptide 6, a long range NOE crosspeak be-
tween Val2-NH and Leu9-NH (peak B in Figure S1, panel I)
is observed. This implies that these NH protons are in close
proximity to each other. As such correlations are also found
for GS itself, the presence of this NOE crosspeak in 6 may
indicate a conformation similar to that of GS. Interestingly,
in the NOE spectrum of compound 8 (the frans isomer of
compound 6) also this long-range NOE crosspeak between
Val2-NH and Leu9-NH is observed (B, Figure S1, panel
I1I).

Two long-range crosspeaks in the turn region between
Val2-NH and Leu9-NH and between MAA-NH and Val2-
NH of peptide 7 indicates an al-
tered turn conformation. Pep-
tide 9 did not show NOE cross-
peaks around the MAA turn, in
agreement with partial flexibili-
ty in this region as observed in
the 1D spectra.

Crystallization trials were
performed with analogues 6-9,
only yielding suitable crystals
for X-ray analysis of peptides 7
and 8. Peptide 7 adopts overall
a similar secondary structure in
the crystal as GS, with a distort-
ed B-turn conformation. As a
consequence, only three instead
of the usual four intramolecular
hydrogen-bonding interaction
are observed, due to the distort-
ed orientation (“flip” of the
amine bond)**!'! connection of
this MAA residue with the
neighboring Leu9 residue (Fig-
ure 6a). This altered turn
region of compound 7 is in
agreement with the findings of
the NMR experiments. Interest-
ingly, the cyclic f-hairpin secon-
dary structure as observed in
the X-ray structure of com-
pound 8 is very similar to that
of GS (Figure 6b), with all four
intramolecular hydrogen-bonds
in place. This X-ray structure of

of the monomer of 8.

were assayed against a panel of Gram-positive and Gram-
negative bacterial strains. The results are shown in Table 1.

As can be seen, none of the four analogues are signifi-
cantly more potent than GS. Peptides 6 and 7 show de-
creased inhibitory activity for all Gram-positive bacteria
tested, especially for E. faecalis. Compound 8 performs
almost as well as GS, with the exception of the E. faecalis
and the S. epidermis strains. Peptide 9 has similar antimicro-
bial activity as the compounds 6 and 7. Peptides 6-9 were
also evaluated for their toxicity towards human red blood
cells (Figure 7). All peptides are less hemolytic when com-
pared to GS, with 8 displaying the most hemolytic activity
and 6 being the least toxic.

Figure 6. a) X-ray analysis of peptide 7: stereoview of the peptide monomer. In the top view, side chains are
omitted for clarity. Intramolecular hydrogen-bonds are indicated with dotted lines. b) Top and side stereoview

Table 1. Antibacterial activity of compounds 6-9 as compared to GS. MIC values (MIC =minimal inhibitory
concentration) are given in pg per mL and were measured after 24 h of incubation. The experiments were con-
ducted once. The experimental error is one MIC interval.

8 is in agreement with the

. Gram+ Gram+ Gram+ Gram+ Gram— Gram—
NMR data. (See Flgure S2 for S. aureus S. epidermidis E. faecalis B. cereus E. coli aeruginosa
X-ray assembly of compound g 3 2 3 p - )
8). 6 16 16 64 16 64 > 64
7 16 8 64 16 64 > 64
Evaluation of biological charac- 8 8 8 16 8 32 64
9 32 8 64 16 64 > 64

teristics: GS analogues 6-9
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Figure 7. Hemolytic activity of GS analogues 6-9. Experiments were car-
ried out in duplo. Multiple blood donors (both male and female) were
used. A maximum of 10 % experimental error was found.

Discussion and Conclusion

In this work, four GS analogues 6-9 are presented, in which
a D-Phe-Pro motif of one of the B-turns was replaced with
cis- and trans, 8- and e-morpholine amino acids (MAAs 2-
5). The secondary structures of these analogues and their
biological properties (antibacterial and hemolytic activity)
were evaluated and compared with those of GS.

Compound 7 adopts a distorted pB-turn as result of the
presence of the cis e-MAA 3. This distortion is characterized
by a repositioning of one of the turn amides (amide flip) in
such a way that no intra-molecular hydrogen-bonding inter-
action is possible (see Figure 6a). A similar distorted p-turn
arrangement has been observed by us in a series of related
GS analogues containing sugar amino acids (SAAs).[1+1
The B-turn of compound 9, containing the trans e-MAA §, is
flexible. The isomeric compounds 7 and 9 have a compara-
ble biological profile.

The macrocycles 6 and 8, containing cis -MAA 2 and
trans O-MAA 4, respectively, both agree well with the cyclic
B-hairpin secondary structural characteristics of GS. In case
of compound 6 this is the expected outcome since we and
others have designed and synthesized related turn mimetics,
such as sugar amino acids (SAAs), having cis configured
aminomethyl- and carboxyl groups functionalities.”*~" How-
ever, in general trans isomers are considered as mimetics of
extended conformations and we were thus somewhat sur-
prised to observe that also compound 8 assumes a secondary
structure strongly resembling that of GS, with all four intra-
molecular hydrogen bonds apparently in place. It can be as-
sumed that the octapeptide sequence originating from GS
overrules a possible intrinsic conformational preference that
MAA 4 would transpose to a linear oligopeptide.

The X-ray structure of compound 8 overlaid with GS is
depicted in Figure 8. Comparison of the distance informa-
tion with respect to the turn region of both compounds
(Table 2) reveals that the determined distance between
Val2-NH--O=Leu9 is more than 1 A longer than the corre-
sponding distance in GS and the N-H--O angle is very small
(122.7 versus 161.5°). Whether this is considered a hydrogen
bond is therefore doubtful® but fact is that the Val2-
NH:-O=Leu9 functionalities are rigidly positioned in close
proximity in compound 8. Therefore, in spite of the lack of
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Table 2. Structural data extracted from the crystal structures from GS
and compound 8.

GS®! Peptide 8
Leu9 O-+H-N Val2 215A 331A
Leu9 O--N Val2 299 A 3.86 A
angle O--H-N 161.5° 122.7°

an intramolecular hydrogen bond in the MAA-containing
turn region of 8 the geometry of the two peptidic bonds in-
volved in the turn is quite similar to the usual f-turn motive
in GS.

The positioning of the N-benzyl group of the MAA resi-
due is different in comparison with the benzyl side-chain of
D-Phe residue of GS (Figure 8). Interestingly, compound 8 is
a much better antimicrobial agent than compound 6, with
comparable activity as GS and slightly less hemolytic.

Figure 8. X-ray structure of GS (white) overlayed to compound 8
(green). Intramolecular hydrogen-bonds are indicated with dotted lines
in red for GS and black for 8. Side chains are omitted for clarity.

In conclusion, we have demonstrated that morpholine
amino acids are useful building blocks in the design of new
amphiphilic cationic cyclic peptides. Specifically, GS ana-
logue 8, incorporating trans-configured 4, most closely re-
sembles GS itself both in secondary structure and biological
activity. Compound 8 has antibacterial activity comparable
to that of GS and is less hemolytic. From a structural point
this finding is interesting, since related trans-substituted di-
peptide isosteres are reputed to induce linear configura-
tions. ¥l With respect to the identification of GS deriva-
tives that are bactericidal with reduced hemolytic activity
that a strategy in which the morpholine secondary amine is
alkylated or acylated with a range of lipophilic functionali-
ties is well worth pursuing.

Experimental Section

Antibacterial assays: The following bacterial strains were used: Staphylo-
coccus aureus (ATCC 29213), Staphylococcus epidermidis (ATCC 12228),
Enterococcus faecalis (ATCC 29212), Bacillus cereus (ATCC 11778), Es-
cherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853).
Bacteria were stored at —70°C and grown at 30°C on Columbia Agar
with sheep blood (Oxoid, Wesel, Germany) suspended in physiological
saline until an optical density of 0.1 AU (at 595 nm, 1 cm cuvette). The
suspension was diluted (10x) with physiological saline, and 2 pL of this
inoculum was added to 100 uL growth medium, Nutrient Broth from
Difco (ref. nr. 234000, lot nr. 6194895) with yeast extract (Oxoid LP

— 4263
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Table 3. Selected crystallographic data of the crystals obtained from 7
and 8.

7 8
formula 2(CeoHyN1204)-017  2(CsoHysNpOyg), CF;0,, Oyy
formula weight 2565.00 2553.96
wavelength [A] 0.939 0.939
crystal system orthorhombic hexagonal
space group P2.2.2, Po6s
a[A] 19.175(3) 28.781(2)
b [A] 24.656(4) 28.781(2)
c[A] 32.061(8) 34.911(2)
a[°] 90 90
BI°] 90 90
v [°] 90 120
cell volume [A?] 15152(5) 25044(3)
Peatca [gem ] 1.124 1.016
V4 4 6
p [mm™] 0.084 0.077
F(000) 5512 8214
crystal size [mm” 0.29%x0.12x0.12 0.32x0.24x0.15
T [K] 100(2) 100(2)

0 range [°] 1.4-28.0 1.3-28.0
measured reflections 31070 39521
unique reflections 7530 8373
completeness [% ] 88.0 93.7
redundancy 41 4.7
R(merge) 0.058 0.065
data in refinement 7514 8342
data with F,>40(F,) 6657 7721
average o([) 15.0 18.8
no. of parameters 1928 1811
extinction coefficient 0.032(3) 0.26(2)
wR2 0.3352 0.3856
R1 (obs data) 0.1415 0.1579
R1 (all data) 0.1344 0.1609

Gof=S 1.726 2.070
AF peak/hole [e A=) 0.80/—0.47 0.40/-0.28

0021, lot nr. 900711, 2 g per 400 mL broth), in microtiter plates (96
wells). The peptides GS and 6-9 were dissolved in ethanol (4 gL ™') and
diluted in distilled water (1000 mgL™"), and two-fold diluted in the broth
(64, 32, 16, 8, 4 and 1 mgL™"). The plates were incubated at 30°C (24—
96 h) and the MIC was determined as the lowest concentration inhibiting
bacterial growth. The experiments were conducted once, the experimen-
tal error is one MIC interval (a factor two).

Hemolytic assays: Freshly drawn heparinized blood was centrifuged for
10 min at 1000g at 10°C. Subsequently, the erythrocyte pellet was
washed three times with 0.85% saline solution and diluted with saline to
a 1/25 packed volume of red blood cells. The peptides to be evaluated
(6-9 and GS) were dissolved in a 30% DMSO/0.5 mM saline solution to
give a 1.5 mwm solution of peptide. If a suspension was formed, the suspen-
sion was sonicated for a few seconds. A 1% Triton-X solution was pre-
pared. Subsequently, 100 uL of saline solution was dispensed in columns
1-11 of a microtiter plate, and 100 uL of 1% Triton solution was dis-
pensed in column 12. To wells A1-C1, 100 puL of the peptide was added
and mixed properly. 100 uL of wells A1-C1 was dispensed into wells A2—
C2. This process was repeated until wells A10-C10, followed by discard-
ing 100 uL of wells A10-C10. These steps were repeated for the other
peptides. Subsequently, 50 uL of the red blood cell solution was added to
the wells and the plates were incubated at 37°C for 4 h. After incubation,
the plates were centrifuged at 1000 g at 10°C for 4 min. In a new micro-
titer plate, 50 uL of the supernatant of each well was dispensed into a
corresponding well. The absorbance at 405 nm was measured and the
percentage of hemolysis was determined. Experiments were carried out
in duplo. Multiple blood donors (both male and female) were used. A
maximum of 10 % experimental error was found.
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X-ray crystallography

Crystallization: Suitable colorless prism-shaped crystals were obtained
after slow evaporation of 2 uL droplets of 8.8 mgmL~" 7 in an 80 % solu-
tion of MeOH in H,O plus 2 uL of 0.5M NaOH in H,O under paraffin
oil in Terasaki plates. Colorless prism-shaped crystals were obtained after
slow evaporation of 2 pL droplets of 7.0 mgmL~" 8 in 50% solution of
MeOH in H,0 plus 2 pL of 0.5m CaCl, in MeOH under paraffin oil in
Terasaki plates.

Crystal structure determination of 7 and 8 A crystal was mounted in air
and then rapidly transferred to liquid nitrogen. Synchrotron data were
collected at beamline ID14-2 at the ESRF (Grenoble, France). Images
were collected with DNA software,*”! processed with MOSFLM"! and
scaled with POINTLESS and SCALA ! Both structures could be solved
by direct methods using the SHELXD!™! program and were refined by
full-matrix least-squares methods on F* with SHELXL! included in the
WinGX"! package. All hydrogen positions were calculated and refined
using a riding atom model. There are two crystallographically independ-
ent molecules per asymmetric unit in both crystal structures and there
are several disordered parts in all molecules. All non-hydrogen atoms
were refined using anisotropic refinement. Selected crystallographic data
is reported in Table 3.

CCDC 751340 (7), 751341 (8) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif
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